ABSTRACT In this paper, a multifunctional 180 • hybrid coupler is proposed, with an ultra-wideband filtering response and a super wide upper stopband. The component, realized with double-sided parallelstrip line (DSPSL), is built up on the basis of a hybrid ring incorporated with a swap phase inverter and then extended with commensurate-line networks at its four ports. The quasi-lowpass electromagnetic bandgap (EBG) structures are embedded into the circuit. The collaboratively designed component occupies the area of 0.92 × 0.76 λg2, where λg is the guided wavelength at the central frequency. The developed prototype provides a 110% wide passband from 0.7 to 2.4 GHz with the return loss better than 11 dB for both the in-and out-of-phase output cases. The measured additional in-band insertion loss is 1.3 to 4.7 dB over the 3-dB power division, mainly due to the losses of the DSPSL swap and EBG structures. The output phase imbalance is within the range of ±4 • . The rejection of over 20 dB is achieved up to 30 GHz.
I. INTRODUCTION
Hybrid ring couplers can provide customizable two-way power distribution with 0 • and 180 • output phase difference for signal transmission. They are essential passive components for various RF applications, such as mixers and feeding networks of antenna arrays. Filter is also an important group of components to select RF signals within the frequency domain. Conventionally, these two groups of passives are designed individually and then integrated in cascading geometries.
For the purpose to reduce the overall size and loss, the multifunctional design of filter and 180 • hybrid coupler is proposed in [1] , realized with four coupled dielectric resonators. By using net-type resonators, a compact bandpass hybrid ring coupler is designed with good performance of harmonic suppression [2] . Another collaborative design is proposed by combining a balun filter with a single-to-common filter with quasi lumped elements in low-temperature co-fired ceramic (LTCC) [3] . A third-order bandpass magic-T is developed with dual-mode substrate integrated waveguide cavities for high frequencies [4] . In [5] and [6] , compact filtering 180 • hybrid couplers are designed using half-and/or quarter-wavelength microstrip resonators. By replacing each branch with a second-order filtering circuit of coupled open-loop resonators, a compact rat-race coupler is developed with a wide-stopband bandpass response and an enhanced isolation performance [7] . This method is further extended into the design of an LTCC filtering ratrace coupler, using eight-line spatially-symmetrical coupled structure [8] . By introducing the source-load cross coupling, transmission zeros are generated in some of the filtering paths [9] . Recently, dual-band filtering 180 • hybrid couplers are developed with shorted stubs and stepped-impedance resonators [10] , [11] .
In this paper, a new design of filtering 180 • hybrid coupler is proposed for the ultra-wideband (UWB) application. At first, a commensurate-line network is constructed on the basis of a hybrid ring and then extended with line sections and shorted stubs at its four ports. For wideband operation, the double-sided parallel-strip line (DSPSL) swap is used as a phase inverter. Then, some line sections are loaded with electromagnetic bandgap (EBG) structures to achieve a super wide upper stopband up to 30 GHz. The proposed collaboratively designed passive component provides good performances of in-band reflection, port isolation, magnitude and phase balances and out-of-band rejection, which is demonstrated by the reasonable agreement between the simulated and measured results.
II. ANALYSIS AND DESIGN
The topology of the proposed filtering hybrid coupler is shown in Fig. 1(a) . It is constructed on the basis of a hybrid ring structure together with the extended commensurate-line network for each of the four ports, which consists of two line sections and a shorted stub. These distributed elements are utilized to increase the operating bandwidth. For easy design, all the transmission lines are with the same electrical length of θ = π /2 at the central frequency f 0 . Note that an ideal phase inverter is inserted into one branch of the ring structure to replace a half-wavelength transmission line [12] , which is important to provide the wideband performance.
When Port 1 is excited for the in-phase power division at Ports 2 and 4, the voltage waves on the upper and left branches of the ring structure are with the same magnitude and phase since the whole configuration is symmetric except for the inserted phase inverter. The voltage waves transmitted along the lower and right branches to the point A are 180 • out-of-phase due to the ideal phase inverter. Then, the voltage waves will cancel with each other to form a virtual shorting point and the extended circuit of Port 3 has no impact on the S-parameters of the other three ports. So Port 3 is always isolated from Port 1. For easy understanding, the above sequence is marked on Fig. 1(a) with red color. Thus, the whole circuit operates like a symmetric in-phase filtering power divider in this case. Finally, the extended circuits of Ports 2 and 4 can be combined for simple analysis, as shown in Fig. 1(b) . The characteristic admittances of the transmission lines within the red frame are all doubled while the reference impedance of Ports 2(4) is divided by 2.
It is seen that the equivalent half circuit model in Fig. 1 (b) of the proposed filtering hybrid coupler is constructed by five line sections and three shorted stubs, which is a commensurate-line network with θ = π/2 at f 0 . The five quarter-wavelength line sections are regarded as five unit elements in the Richard's transformed domain while the shorted stubs are equivalent to shunted inductances. According to the property of commensurate-line network, the three inductances can further be merged into one shunted inductance from the aspect of frequency response [13] . Thus, the structure in Fig. 1(b) operates as a sixth-order filtering impedance transformer. The ABCD matrix is calculated by
Considering the unequal port impedances of the half circuit in Fig. 1(b) , the S-parameters are given by
It is convenient to optimize the four characteristic admittances Y 1 , Y 2 , Y 3 and Y 4 with commercial EDA tools, such as Keysight ADS. The optimized response of the equivalent circuit is plotted in Fig. 2(a) , where the central frequency is set to f 0 = 1.65 GHz with the bandwidth from 0.7 to 2.6 GHz, i.e. the fractional bandwidth (FBW) of 115%. Six zeros are observed in the reflection curve, which coincides with the predicted filter order. The in-band return loss (RL) is better than 15 dB. Transmission zeroes are located at DC, 2f 0 , 4f 0 and 6f 0 , etc., due to the quarterwavelength shorted stubs at f 0 , which helps to enhance the frequency selectivity. The symmetric and periodical response is one of the characteristics of commensurate-line networks. As shown in Fig. 2(b) , the in-phase transmission coefficients of the whole circuit are just 3 dB lower than that of the equivalent half circuit while the reflection coefficients of the circuits in Figs. 1(a) and 1(b) are the same as each other. The S 21 and S 41 superpose perfectly.
It is easy to find that when Port 4 is excited for 180 • out-ofphase power division, the point B is virtually shorted and the whole circuit operates like an asymmetric 180 • out-of-phase filtering power divider. The equivalent half circuit can still be used for easy analysis except for the ideal phase inverter in one of the two ways. The same magnitude responses will be obtained as those in Fig. 2(a) .
B. DSPSL AND SWAP PHASE INVERTER
In order to achieve good isolation and balanced performances within a very wide frequency band, a good phase inverter should be realized. The DSPSL swap [14] is used in our design, as shown in Fig. 3 . It is easy to obtain the characteristic impedance of DSPSL by modifying the corresponding expression of microstrip line (MSL) [15] as
Both the left and right sides of (4) are the functions of substrate thickness h. The DSPSL swap is constructed with two plated through holes, each of which connects the signal strip of one side to the ground strip of the other side. It can provide a phase shift of about 180 • at relatively low frequencies. At high frequencies, the parasitic parameters cannot be neglected. Fig. 4 shows the equivalent circuit model of the DSPSL swap [16] , which consists of an ideal phase inverter and a section of transmission line. Then, the image impedance Z pi and the intrinsic time delay τ pi of the DSPSL swap are extracted for further design by using the following equations. where Z 1 = 1/Y 1 is the characteristic impedance of DSPSL transmission lines used in the full-wave simulation of the swap phase inverter, and the S-parameters are obtained by setting the reference planes to the interfaces between the swap structure and transmission lines. In our design, the physical dimensions of the swap are given by Therefore, the equivalent circuit model in Fig. 4 can be used to predict the characteristic of the swap phase inverter, and the small deviation is mainly due to the discontinuity between the transmission line and swap. After obtaining the values of Z pi and τ pi , the influence of parasitic parameters on the performance of the whole component should be taken into account. Usually, if the local reflection amplitude introduced by the swap is lower than 0.1 and the additional phase shift is compensated, the final circuit performance will be acceptable.
Since the realized phase shift ϕ 0 of the swap is not only determined by itself but the transmission line connected to it as well, described by (7), a characteristic impedance Z 1 with the value close to Z pi is preferred to minimize the additional phase variation of the swap phase inverter when designing the whole filtering hybrid coupler.
To compensate for the additional phase shift, the overall length of the swap-inserted branch should be modified by
where λ g is the guided wavelength of DSPSL at f 0 . In our design, the characteristic impedance Z 1 is about 73 and the length l 1 is reduced by 1.9 mm.
C. EBG-LOADED LINES FOR SUPER WIDE UPPER STOPBAND
From Fig. 2(b) , odd harmonic responses are observed, which leads to a very narrow upper stopband especially when the FBW is large. In order to enhance the upper stopband, the EBG-loaded lines are utilized to replace the cascaded transmission lines. Since there are two cascaded sections of commensurate lines at each port, according to the original circuit configuration in Fig. 1(a) , they can be replaced by two different types of quai-lowpass EBG structures to broaden the upper stopband. In order to suppress the spurious response from 3 to 10 GHz and beyond 10 GHz, the EBG-loaded lines shown in Figs. 6(a) and 6(b), named Types A and B, are designed, respectively. Mushroom-shaped EBG elements are loaded on the both sides of the transmission lines, each of which is constructed with a square patch and a narrow strip. The loaded elements can generate transmission zeros at specific frequencies, which are controlled by the geometric parameters of EBG elements and their spacing. Note that the loading effect also shows a significant slow-wave factor for the transmission lines. The overall length of these two types of structures should be carefully tuned to satisfy the quarterwavelength condition at f 0 . For Type A, since the rejection band is close to the passband of filtering coupler, the size of EBG elements is larger than that of Type B. The slow-wave factor of Type A is also larger than that of Type B, which makes Type A more compact. Four pairs of EBG elements are used in Type B to provide a high rejection level.
The simulated frequency responses of the two EBG-loaded lines are plotted in Fig. 7 , where the reference admittances of ports are set to Y 2 and Y 3 . The RLs of the lower passband are both higher than 20 dB in the two cases. Type A provides a sharp transition band with the stopband rejection over 20 dB. Type B provides a smooth slope and a stopband from 10 to 30 GHz, and the rejection level is over 40 dB at most frequencies in the stopband. By replacing all the Y 2 -sections with Type A structures and the two Y 3 -sections of Ports 2 and 4 with Type B structures, a super wide upper stopband can be expected. The reasons why we do not replace all the Y 3 -sections are given below. Firstly, each complete filtering path in our proposed component always includes the extended circuit at Ports 1 or 3 together with the circuit at Ports 2 or 4. Since Type B structure provides a high rejection, enough stopband suppression can be achieved by using only one section for each filtering path. Secondly, the attenuation of EBG-loaded line is higher than that of a uniform transmission line when the same phase shift is required. Keeping Y 3 -sections at Ports 1 and 3 helps to achieve a relatively low insertion loss (IL). Finally, uniform lines are easier to route for area reduction.
III. RESULTS AND DISCUSSION
After a quick optimization carried out with ANSYS HFSS, our proposed filtering hybrid coupler is developed and fabricated, as shown in Fig. 8 . Its bottom metal layer is the same as the top one except for the pads of swap phase inverter. The critical characteristic admittances are given by Y 4 = 1/98 −1 with Z 0 = 50 . The optimized geometric parameters of the two EBG-loaded lines are the same as those in Fig. 6 . Note that the Y 1 -branch between Ports 1 and 4 is bended to compensate for the length difference between the swap-inserted branch and itself. The overall occupied area is 110×90 mm 2 , about 0.92×0.76 λ 2 50 , where λ 50 is the guided wavelength of a 50-DSPSL at f 0 . VOLUME 6, 2018 Q. The simulated four-port S-parameters are obtained with ANSYS HFSS. The simulated transmission and reflection coefficients, port isolation and output phase differences of the in-phase and out-of-phase power division cases are plotted in Figs. 9(a) and 9(c), respectively. The passband is from 0.6 to 2.4 GHz, i.e. FBW = 120%. The in-band IL and RL are better than 3.0 + 1.5 and 12 dB, respectively. For both the in-and out-of-phase cases, the magnitude imbalance between two output ports is very small. The output phase difference ang(S 21 /S 41 ) = ang(S 21 ) − ang(S 41 ) of the in-phase case is within ±1.5 • while the phase difference ang(−S 23 /S 43 ) = ang(S 23 ) − ang(S 43 ) − 180 • of the out-ofphase case is about −1 • to 1 • . The isolation between Ports 1 and 3 is always higher than 20 dB, which indicates the good performance of DSPSL swap phase inverter. To show the enhanced upper stopband, the simulated curves are plotted in Figs. 9(b) and 9(d) up to 30 GHz. The rejection level is higher than 20 dB from 2.5 to 30 GHz and especially higher than 60 dB from 3.2 to 6 GHz. The super wide upper stopband is achieved successfully. The sunken points in the upper stopband result from the partial multiple reflections between the EBG-loaded transmission lines, which do not impact on the rejection performance.
The fabricated prototype is measured with the four-port vector network analyzer, Agilent E5071C, up to 20 GHz. The measured results are plotted in Fig. 10 . In comparison with the simulated ones in Fig. 9 , good agreement is observed. The small deviation between them is mainly due to the tolerances of permittivity and fabrication. The measured passband is from 0.7 to 2.4 GHz, i.e. FBW = 110%. The in-band RL is better than 11 dB for both the in-and out-ofphase output cases. The measured output phase imbalance is better than ±4 • within the whole passband. The rejection of the third harmonic is 20 dB and the higher-order harmonics are suppressed by more than 30 dB. However, the in-band IL of the both cases is degraded, in comparison with the simulated results. The measured IL is 3.0 + 1.3 dB at 0.7 GHz and then increases smoothly to 3.0+4.7 dB at 2.4 GHz. Compared with the simulated results, the extra 3 dB loss at 2.4 GHz is mainly due to the DSPSL swap and EBG structures, which might be underestimated in full-wave simulations, and partly due to the SMA connectors used in measurements. It will be improved in the future.
As summarized in Table I , the performance of the proposed filtering hybrid coupler is compared with the counterparts in the previous publications. It is seen clearly that our filtering hybrid coupler provides the widest passband and stopband with acceptable loss and imbalance properties.
IV. CONCLUSION
A four-port passive component is proposed, which provides the functions of UWB filtering and 0 • /180 • hybrid coupling simultaneously. It is realized with a quasi commensurateline network. A DSPSL swap is used as a phase inverter for its good wideband performance while EBG structures are embedded into the extended circuits at the four ports. A super wide upper stopband is finally obtained up to 30 GHz. Our design has been validated by the good transmission, reflection, isolation, rejection, magnitude and phase balance performances and the reasonable agreement between the simulated and measured results. It is expected that the proposed filtering hybrid coupler can be applied for various wideband microwave signal distribution networks. He became an Assistant Professor, an Associate Professor, and a Professor with the Electronic Engineering Department, SJTU, in 1986, 1992, and 1998, respectively. He has been engaged in and participated many research programs in the fields of radar, microwave and millimeter wave techniques, remote sensing, and microstrip antennas. He has published more than 100 papers in journals and written 10 books/book chapters in the areas of electromagnetic fields and microwave techniques, microstrip antennas, and millimeter wave techniques and applications. His research interests include radar signal processing, electromagnetic fields and microwave techniques, microwave sensors, microstrip antennas, EMC, RFID, smart antennas, and MIMO systems.
